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Hong-Ou-Mandel (HOM) interference is demonstrated experimentally for entangled photon pairs
in the Hermite-Gauss (HG) basis. We use two Dove prisms in one of the paths of the photons to
manipulate the entangled quantum state that enters the HOM interferometer. It is demonstrated
that, when entangled photon pairs are in a symmetric Bell state in the Laguerre-Gauss (LG) basis,
then they will remain symmetric after decomposing them into the HG basis, thereby resulting in
no coincidence events after the HOM interference. On the other hand, if the photon pairs are in
an antisymmetric Bell state in the LG basis, then they will also be antisymmetric in the HG basis,
thereby producing only coincidence events as a result of the HOM interference.
I. INTRODUCTION
An increase in the dimensionality of quantum systems
has many benefits; for example, it gives higher secu-
rity in communication systems and increases the trans-
mission rates [1–3]. There are many routes to realise
high-dimensional quantum states, using various degrees
of freedom, such as: time-energy [4], paths [5], the use of
spatial modes [6–9] and combinations thereof [10, 11]. In
particular the entanglement of photons in higher-order
Gaussian modes has generated much interest in recent
years, the Laguerre-Gauss (LG) [12, 13] and Hermite-
Gauss (HG) [14] modes are two of the most studied cases.
The Hong-Ou-Mandel (HOM) interference effect was
first demonstrated in 1987 [15]. Since then, it has become
a fundamental component in many quantum information
protocols and one of the defining features of quantum
physics. It shows the interference of two identical pho-
tons(bosons) at a 50:50 beamsplitter where the chances
of observing coincidence counts in the output ports de-
pends on the symmetry of the two-photon state. HOM
interference has been investigated for many scenarios, for
example, in polarization [16], path length [17], the radial
dependence of the light field in a transversal plane [18],
as well as in spectral filtering [19], for different single-
photon sources [20] and with spatial modes [21–24]. Gen-
eralisations to higher photon number and multiports, as
well as realisations with other bosonic systems [25] have
been discussed in the literature. The HOM effect is ap-
plied to characterize single-photon sources [26] but also
in the construction of quantum logic gates [27], quantum
cloning [28–31] and phase shaping of single photons [32].
In [21], a HG pump was used to investigate how the
symmetry of the pump beam may affect the symmetry of
the down-converted bi-photon states and in turn the out-
come of the HOM interference. However, no experiment
to date have investigated the HOM effect of entangled
down-converted bi-photon states in the HG basis.
Here, we observe the HOM interference of an entan-
gled bi-photon state, produced in spontaneous paramet-
ric down-conversion (SPDC) in the HG basis. We use
this to demonstrate that the symmetry properties that
are valid for HOM interference in the LG basis [33] also
apply in the case of the HG basis. Being another infinite
dimensional basis, the HG modes provide an alternative
approach to prepare high-dimensional entangled quan-
tum states for quantum information applications.
II. CONCEPT
The LG modes are a good approximation of the
Schmidt basis for SPDC states. This implies that each
LG mode for one photon is correlated with only one LG
mode for the other photon, in a 1 to 1 correspondence.
The azimuthal index ℓ in the signal photon will only give
−ℓ in the idler photon and vice versa. In contrast, the
HG basis differs significantly from the Schmidt basis for
SPDC states. Hence, the 1-to-1 correspondence is not ob-
served [14]. However, the LG and HG modes are related
by the following expression [34]
(−1)p+|ℓ|22p+|ℓ||p|!(x ± iy)|ℓ|L|ℓ|p (x2 + y2) =
p∑
m=0
|ℓ|∑
n=0
(
p
m
)( |ℓ|
n
)
(∓i)|ℓ|+nH2m+n(x)H2p+|ℓ|−2m−n(y), (1)
where the ±(∓) sign on the left (right) of the equal sign
corresponds to whether ℓ is positive or negative.
In the LG basis, SPDC produces the state
|Ψ〉 =
∞∑
p,q=0
∞∑
ℓ=0
αp,q;ℓ
∣∣∣Ψ+p,q;ℓ
〉
, (2)
2where αp,q;ℓ are the complex coefficients in the expansion,
and are determined by the pump and crystal parameters.
The following two-photon state∣∣∣Ψ+p,q;ℓ
〉
=
1√
2
(∣∣Lℓp〉A
∣∣L−ℓq 〉B +
∣∣L−ℓp 〉A
∣∣Lℓq〉B
)
, (3)
is a symmetric Bell-state in the LG basis. Here
∣∣Lℓp,q〉
represents a photon in the LG basis with radial index p
or q and an OAM value of ℓ. The subscripts A and B
label the photon paths.
The state in Eq. (3) can be converted into the HG basis
by using Eq. (1). This represents a unitary transforma-
tion that converts one basis into another. Such local uni-
tary transformations commute with the path-exchange
operator, which determines the symmetry properties of
the state. As a result, these local unitary transformations
do not alter the path exchange symmetry properties of
the state. One can define the path-exchange operator by
the 2× 2 matrix
X =
[
0 I
I 0
]
(4)
where I is the identity operator. Symmetric and anti-
symmetric states are eigenstates of X , with eigenvalues
1 and −1, respectively. A change in the basis of the
state can be represented by the operation of two identical
unitary operations on the respective subsystems of the
state |ψ〉 → |φ〉 = (UA ⊗UB) |ψ〉, where UA = UB. Since
the path-exchange operator commutes with such local
unitary operators [(UA ⊗ UB), X ] = 0, one can write
X |φ〉 = X(UA ⊗ UB) |ψ〉 = (UA ⊗ UB)X |ψ〉 = ± |φ〉 .
(5)
As a result, the symmetry properties of the state is main-
tained.
As an example, we show the simple case of converting
the symmetric LG state with p = 0 and ℓ = 2 below∣∣L20〉A
∣∣L−20 〉B +
∣∣L−20 〉A
∣∣L20〉B ∝ 2 |H02〉A |H02〉B
+ 8 |H11〉A |H11〉B + 2 |H20〉A |H20〉B
− 2 |H20〉A |H02〉B − 2 |H02〉A |H20〉B . (6)
The symmetry is also preserved when decomposing an-
tisymmetric Bell states into the HG basis. Consider, for
example the conversion of an antisymmetric Bell state,
composed of LG modes with p = 0 and |ℓ| = 2∣∣L20〉A
∣∣L−20 〉B −
∣∣L−20 〉A
∣∣L20〉B ∝
4i (|H02〉A |H11〉B − |H11〉A |H02〉B
+ |H11〉A |H20〉B − |H20〉A |H11〉B) . (7)
A way to determine the symmetry of the state is by us-
ing the HOM interferometer, for which a symmetric input
two-photon state would always send the two output pho-
tons through the same output ports [21, 35]. So if we set
the detection to be in the HG basis, we should observe
no coincidence events. If the input two-photon state in a
HOM interferometer is antisymmetric, then the two pho-
tons will always exit through different output ports and
only coincidence events will be observed.
III. EXPERIMENT
A. Experimental Setup
The experimental setup is shown in Fig. 1. A 350-mW
laser with a wavelength of 355 nm is used to pump a
3-mm-thick β-barium borate (BBO) crystal to produce
degenerate photon pairs (labelled A and B) with Type-I
phase matching. The photons are generated in a non-
collinear fashion as this makes them easier to separate
by using a D-shaped mirror. The photon in path A is
reflected off a right-angle prism mounted on a transla-
tional stage that is used to adjust the path length. Path
B has two Dove prisms which can be rotated to change
the phase of the entangled state [36]. The photons are
then passed through a 50:50 beamsplitter, after which the
photons are incident on spatial light modulators (SLMs)
encoded with phase only holograms. In combination with
single-mode optical fibres (SMFs), these SLMs allow us
to make joint projective measurements of particular spa-
tial modes. An interference filter with ∆λ = 10 nm is
used to select out photons around 710 nm just before the
SMFs. The SMFs are connected to avalanche photodi-
odes to detect the single photons and coincidences are
registered via a coincidence counter. To maximize the
coincidence count rate, we image the photon pairs from
the plane of the BBO crystal onto the SLMs and then
from the SLMs into the ends of the SMFs.
CC
SMFs
APDs
50:50 BS
Right angle prism
BBO
SLMs
Dove prisms
10nm IFs
Pump
FIG. 1. (Color online) Diagram on experimental setup to ob-
serve HOM interference of photons in the HG basis (imaging
lenses not shown). BBO - β-barium borate crystal; APD -
Avalanche Photo Diode; CC - Coincidence Counter; SMF -
Single Mode Optical Fibre; SLM - Spatial Light Modulator;
IF - Interference Filter and BS - non-polarizing 50:50 Beam
Splitter.
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(b)
FIG. 2. (Color online) Coincidence counts measured for a
spectrum of HG modes when the dove prisms are at 0 degrees
to each other. (a) shows the coincidence counts measured
when the path length is unequal and (b) shows the coincidence
counts decreases to almost zero for when there is equal path
length.
B. Experimental Results
In the LG basis, the entangled photon pairs generated
through Type-I phase matching are in the symmetric Ψ+
Bell state. When the Dove prisms are set at zero degrees
to each other there will be no change in the symmetry
properties of the entangled states. If we convert from
LG into the HG basis, the symmetry in the state is pre-
served, as seen in Eq. (6). When the input state into a
HOM interferometer is symmetric, the two photons will
(a)
(b)
FIG. 3. (Color online) Coincidence counts measured for a
spectrum of HGmodes when the dove prisms are at 45 degrees
to each other. (a) shows the coincidence counts measured
when the path length is unequal and (b) shows that some of
the modes have coincidence counts decreased to zero while
others doubled when there is equal path length.
always exit through the same output port, so no coinci-
dence events are observed in the single photon detectors.
Setting the two Dove prisms at 45 degrees to each other
and measuring in the LG basis, we convert all the Ψ+
states with odd ℓ’s into the antisymmetric Ψ− states,
while all the states with even ℓ’s remain unchanged [35].
Since one only observes coincidence events when a Ψ−
state enters the HOM interferometer, one only sees coin-
cidence events for HG modes that are decomposed from
LG modes with odd ℓ’s. Those that are decomposed from
4even ℓ’s produce no coincidence events.
In Figs. 2 and 3 we show the numbers of coincidence
events for different settings of the Dove prisms. These
are measured for all the combinations of HG modes in
the signal and idler photons, with indices m,n ranging
for 0 to 4.
The case when the Dove prisms are oriented at zero de-
grees to each other is shown in Fig. 2. Figure 2(a) shows
the coincidence data for the input state without HOM
interference and Fig. 2(b) shows the output coincidence
data after HOM interference. We see that, as expected,
little to no coincidence events are observed in Fig. 2(b)
after the HOM interference.
Figure 3 shows the case when the Dove prisms are
oriented at 45 degrees to each other. The coincidence
data for the input state when there is no HOM inter-
ference and for the output state when HOM interference
is present, are shown in Fig. 3(a) and (b), respectively.
It can be seen that, under HOM interference, the coin-
cidence counts of specific combinations of the observed
HG modes dropped to zero, while those of the rest are
doubled. The sum of the HG indices always add up to
|ℓ|+2p. In this way, one can see that the combinations of
HG modes that produce double the original number of co-
incidence counts are those related to LG modes with odd
ℓ’s, which become antisymmetric when the Dove prisms
are oriented at 45 degrees with respect to each other.
IV. DISCUSSION & CONCLUSION
The HOM interference of spatial modes has been in-
vestigated previously [18, 21–24, 35]. However, the only
one concerned with HG modes [21] investigated how the
symmetry of a hybrid (multimode) polarization and HG
state in the pump beam affects the overall symmetry of
the SPDC state and in turn the outcome of the HOM
interference. All the other investigations [18, 22–24, 35]
studied the HOM effect in the LG basis.
Here, we investigate the HOM interference for entan-
gled photon pairs in the HG basis. By putting two dove
prisms in the path of the photons and rotating them with
respect to each other, we were able to manipulate the en-
tangled quantum state which enters the HOM interfer-
ometer. We found that if the entangled photon pairs are
in a symmetric Bell state in the LG basis, then they will
remain symmetric after decomposing into the HG basis,
thereby resulting in no coincidence events. If the photon
pairs are in an antisymmetric Bell state in the LG basis,
then they will also be antisymmetric in the HG basis,
thereby producing only coincidence events.
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